Chloroplasts are organelles with many vital roles in plants, which include not only photosynthesis but numerous other metabolic and signaling functions. Furthermore, chloroplasts are critical for plant responses to various abiotic stresses, such as salinity and osmotic stresses. A chloroplast may contain up to ~3,000 different proteins, some of which are encoded by its own genome. However, the majority of chloroplast proteins are encoded in the nucleus and synthesized in the cytosol, and these proteins need to be imported into the chloroplast through translocons at the chloroplast envelope membranes. Recent studies have shown that the chloroplast protein import can be actively regulated by stress. To biochemically investigate such regulation of protein import under stress conditions, we developed the method described here as a quick and straightforward procedure that can easily be achieved in any laboratory. In this method, plants are grown under normal conditions and then exposed to stress conditions in liquid culture. Plant material is collected, and chloroplasts are then released by homogenization. The crude homogenate is separated by density gradient centrifugation, enabling isolation of the intact chloroplasts. Chloroplast yield is assessed by counting, and chloroplast intactness is checked under a microscope. For the protein import assays, purified chloroplasts are incubated with 35 S radiolabeled in vitro translated precursor proteins, and time-course experiments are conducted to enable comparisons of import rates between genotypes under stress conditions. We present data generated using this method which show that the rate of protein import into chloroplasts from a regulatory mutant is specifically altered under osmotic stress conditions.
Introduction
Chloroplasts are highly abundant organelles that exist in the green tissues of plants. They are well-known for their critical role in photosynthesis, a process that uses light energy to convert carbon dioxide to sugar and thus support almost all life on earth 1 . In addition, chloroplasts (and the broader family of related organelles called plastids) play many other vital roles in plants, including the biosynthesis of amino acids, lipids, pigments, and the sensing of environmental signals such as gravity and pathogen challenge. Photosynthesis generates reactive oxygen species (ROS) as by-products, which under certain circumstances have useful roles, but if overproduced can cause damaging or even lethal effects. The overproduction of ROS is particularly promoted by adverse environmental conditions, and thus chloroplasts are closely linked to responses to abiotic stresses, such as salinity and osmotic stresses 2 .
Chloroplasts have a complex structure. Each chloroplast is surrounded by a double-membrane outer layer called the envelope, which consists of outer and inner membranes. Internally, there is another membrane system called the thylakoids, where the light reactions of photosynthesis take place. Between the two membrane systems there is an aqueous compartment call the stroma, which is involved in carbon fixation. A chloroplast may contain up to ~3,000 different proteins, and the vast majority of these proteins are synthesized in the cytosol in precursor form and need to be imported into the organelle through dedicated protein translocons in the envelope membranes 1 . Interestingly, recent work has indicated that chloroplast protein import is actively regulated, and so is able to exert an important level of control over the chloroplast proteome. For example, it was reported in 2015 that protein import can respond to abiotic stress through the direct regulation of the abundance of the translocon at the outer envelope membrane of chloroplasts (TOC) by the ubiquitin-proteasome system 3 .
Using purified chloroplasts and in vitro synthesized precursor proteins, protein import can be reconstituted in vitro 4, 5 . Thus, in vitro methods can be used to assess the rates of import in different mutant plants 6 , which has been a critical approach for the analysis of putative components of the protein import machinery and for discovering the mechanisms underlying protein import and its regulation. Moreover, chloroplasts can be processed with further fractionation or protease digestion, following in vitro import, which can facilitate studies on the sub-organellar localization and topology of chloroplast proteins 7, 8 .
To study the regulation of protein import by stress, we have modified our routine chloroplast isolation method as we will describe here. Importantly, chloroplasts were isolated from plants that had been grown on standard Murashige and Skoog (MS) agar medium for 8 days and then transferred into liquid MS medium supplemented with stressor, providing a relatively short, controlled stress treatment. The yield and competency of chloroplasts isolated from such stress-treated plants are compatible with the downstream in vitro protein import assay
Growth of Arabidopsis Plants and the Stress Treatment
1. Prepare 1 L of Murashige and Skoog (MS) medium by adding 4.3 g of MS Basal Salt Mixture, 10 g sucrose, 0.5 g 2-(N-morpholino) ethane sulfonic acid (MES) to deionized water up to 1 L, and adjust the pH to 5.7 with potassium hydroxide (KOH). Add 6 g of phytoagar and autoclave for 20 min at 120 °C. 1. Before solidification, pour the medium into round Petri plates (diameter 9 cm, height 1.5 cm, with 20 -25 mL MS medium per plate). Allow the plates to dry for ~1 h in a laminar flow hood before closing the lids.
Place
Arabidopsis thaliana seeds into a 1.5 mL test tube for surface sterilization by adding 1 mL of 70% (v/v) ethanol containing 0.02% (v/v) Triton X-100 and continuously shaking for 5-10 min. For each genotype/condition, prepare 10 Petri plates each carrying ~100 -150 seedlings. 3. Wait for about 10 s until the seeds settle to the bottom of the tube, and then discard the supernatant by pipetting. Add 1 mL of 100% ethanol, and shake the tube again for 10 min. 4. Prepare the laminar flow hood while the seeds are sterilizing. Take one piece of filter paper per sample, fold it in half to facilitate sowing, and soak it in 100% ethanol in the hood. Wait until it dries out completely. Note that 100% ethanol is used as it evaporates more quickly than 70% ethanol. 5. Transfer the seeds onto the filter paper by pipetting using a 1 mL pipette tip cut ~5 mm from the fine end. Allow them to dry, which should take about 10 -15 min. 6. Sow ~100 -150 sterilized seeds evenly onto each MS medium Petri plate, and seal each plate with surgical tape. 
Making a Precursor Protein by In Vitro Transcription/Translation
Note: This protocol assumes the use of Arabidopsis photosystem I subunit D precursor (pPsaD) as the template/preprotein, but the method is compatible with others.
1. Clone the coding sequence (CDS) of pPsaD into the multiple cloning site (MCS) of the pBlueScript II SK vector (or any other similar vector with an upstream T7 promoter) 13 . Purify the plasmid (pBSK-pPsaD) using a DNA isolation kit and verify the sequence by DNA sequencing. NOTE: All these steps employ standard molecular cloning techniques. 2. Determine the pBSK-pPsaD plasmid DNA concentration using a spectrophotometer set to measure absorbance at 260 nm. Dilute the plasmid to a final concentration of 10 ng/µL. 3. Run a 20 µL PCR (for 35 cycles) using the diluted plasmid as template. Prepare the reaction as follows: 2 µL 10× polymerase buffer, 2 µL 2 mM dNTPs, 1 µL 5 mM M13 forward primer (5'-TGT AAA ACG ACG GCC AGT-3'), 1 µL 5 mM M13 reverse primer (5'-CAG GAA ACA GCT ATG ACC-3'), 1 µL diluted pBSK-pPsaD plasmid, 1 U Taq polymerase, and distilled water to make the total reaction volume up to 20 µL. Use a standard PCR program, as follows: 95 °C, 5 min; 35 cycles of [95 °C, 30 sec; 56 °C, 30 sec; 72 °C, 30 sec); and 72 °C, 5 min. 4. Run 5 µL of the PCR product on a 1% (w/v) agarose gel in TAE buffer (Tris-HCl, pH 7.6, 20 mM acetic acid, 1 mM EDTA) to verify correct amplification of the cDNA, and quantify the relevant band relative to standards to confirm the concentration. Store the rest of the product at −20 °C for further applications. 5. Prepare a 50 µL reaction using a rabbit reticulocyte lysate based cell-free transcription/translation system compatible with PCR DNA, as follows: 40 µL reticulocyte lysate from the transcription/translation system, 2.5 µL radiolabeled [
35 S] methionine, 11 µCi/mL (specific activity: >1,000 Ci/mmol), 2.5 µL sterile distilled water, and 5 µL pPsaD PCR product (100 -800 ng). Caution: Wear gloves, laboratory clothing and safety glasses when handling radioactive material. Monitor and decontaminate the working surface and equipment. Dispose of all radioactive waste in an approved waste container. 6. Incubate the reaction for 90 min in a 30 °C water bath. Stop the reaction by placing the sample on ice. 7. Remove 1 µL of the reaction as a test sample (the same volume can also serve as an input control for step 5.7) for verification on standard sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) followed by autoradiography, fluorography or phosphor imaging. A good result is indicated by the observation of a distinct and strong band corresponding to the molecular weight of pPsaD (~23 kD). Store the rest of the reaction at −80 °C for further applications. with sodium hydroxide (NaOH). Prepare 400 mL of buffer, make aliquots and keep them at -20 °C for long-term storage, or at 4 °C for short-term storage.
Chloroplast Isolation
2. Conduct all of the following procedures in the cold room or on ice. Precool all of the solutions, devices, equipment, and rotors before starting. 3. Prepare a continuous density gradient by mixing 13 mL Percoll, 13 mL 2x CIB buffer, and 5 mg glutathione in a 50 mL centrifuge tube, and centrifuging the mixture at 43,000 × g for 30 min (brake off) at 4 °C. After centrifugation, handle the tube with care to avoid disturbing the gradient and keep it on ice for later use. 4. Transfer 100 mL of 1x CIB per genotype/condition to a 1 L beaker.
1. Remove the seedlings from the liquid medium by tipping them into a sieve, and transfer them into another CIB-containing beaker; then, rinse the tissue with the CIB to remove any residual liquid medium before replacing it with 100 mL of fresh CIB.
5. For homogenization, use a total of 100 mL of 1x CIB per sample in five consecutive rounds of homogenization, each round using 20 mL of fresh CIB held in a 50 mL beaker. 1. For the first round of homogenization, transfer the plant tissue into the 50 mL beaker by hand, allowing the previous holding buffer to drain through your fingers. Try to use most of the tissue in the first round, but make sure it is immersed with buffer; if this is not possible, introduce the remaining unused tissue at the second round.
6. Place probe of the tissue homogenizer into the tissue and homogenize with two pulses of 1 -2 s each. Filter the homogenate through two layers of filtration cloth into a 250 mL centrifuge tube by gentle squeezing. Retain the filtrate, and transfer the tissue back to the 50 mL beaker. 7. Place a second 20 mL CIB aliquot into the 50 mL beaker, adding any remaining tissue not used in the first round of homogenization, and repeat the homogenization and filtration steps. Thus, repeat steps 3.5 and 3.6 until all of the 100 mL of CIB has been used up (i.e., 5 aliquots of 20 mL), and combine the resulting filtrates. 8. Centrifuge the pooled homogenate at 1,000 × g for 5 min (brake on) at 4 °C, and pour off the supernatant immediately following completion of the centrifugation, taking care not to disturb the pellet. Resuspend the pellet in the residual supernatant left in the tube by gently agitating the tube on ice. Do not resuspend vigorously by pipetting or vortexing. 9. Gently transfer the homogenate onto the top of the premade continuous density gradient, using a Pasteur pipette to apply it via the wall of the receiving tube. Avoid disturbing the gradient. Centrifuge in a swinging-bucket rotor at 7,800 × g for 10 min (brake off) at 4 °C. NOTE: Two green bands can be seen in the gradient after centrifugation: the lower band contains intact chloroplasts, and the upper band contains broken chloroplasts. 10. Discard the top band by pipetting, and then transfer the lower band with a Pasteur pipette into a fresh 50 mL centrifuge tube, retaining a volume of up to 8 mL per gradient. 11. Add ~25 mL of 1x HMS buffer into the tube and invert the tube twice to wash the Percoll from the chloroplasts. Place the tube again in the swinging-bucket rotor and centrifuge at 1,000 × g for 5 min (brake on) at 4 °C. 12. Pour off the supernatant and carefully resuspend the chloroplast pellet in the residual HMS left in the tube by gently agitating the tube on ice.
Add an additional 100 -300 µL of HMS if necessary (based on the size of the pellet and the counting in Section 4), but try not to dilute the sample too much. 1. Keep the chloroplasts on ice. Each time before the chloroplasts are used for downstream applications, shake the tube to resuspend them. Always use a cut pipette tip (with an enlarged pore) to transfer the chloroplasts.
Analysis of the Yield and Intactness of Chloroplasts
1. Add 5 µL of isolated chloroplasts to 495 µL of 1x HMS buffer in a 1.5 mL tube, and then mix gently by inverting the tube to obtain a 1:100 dilution. 2. Place a cover glass on top of the counting chamber of the haemocytometer. Slowly pipette ~40 -60 µL of the diluted chloroplast suspension into the gap between the cover glass and the counting chamber. Using a phase-contrast microscope with a 10X or 20X objective, intact chloroplasts look round and bright and are surrounded by a halo of light. NOTE: Under the microscope, there is a 1 mm 2 counting area with 25 large squares, each containing 16 small squares in the center of the counting chamber. 3. Count the number of chloroplasts in 10 large squares. The number of chloroplasts per large square should average between 10 and 30. If too few or too many chloroplasts are present, adjust the dilution factor (step 4.1 above) accordingly, and repeat the procedure. 4. Calculate the number of chloroplasts per mL (concentration) as follows: n (the average number of chloroplasts per large square calculated in step 4.3) × 25 (total number of large squares) × 100 (the dilution factor) × 10 4 (scaling factor to express data per 1 mL, since the volume above the 25 squares is 0.1 mm 3 ). 5. Calculate the actual yield of chloroplasts by multiplying the concentration by the volume of chloroplast suspension obtained in step 3.12.
Normally, more than 50 × 10 6 chloroplasts can be obtained.
Chloroplast Protein Import
1. Prepare the following stock solutions: 1. Prepare 10x HMS buffer: 500 mM HEPES, 30 mM MgSO 4 , and 3.0 M sorbitol; adjust to pH 8.0 with NaOH. Prepare 50 mL of this buffer, aliquot, and store at −20 °C for long-term storage and at 4 °C for short-term storage. . Thus, it is suggested to test each individual preprotein before to optimize the time points. 5. Immediately upon withdrawal, transfer each 130 µL aliquot to a tube of ice-cold import stop buffer, mix by gently tapping the tube, and retain all tubes on ice until the time-course has been completed. 6. Centrifuge all samples for 30 s at 12,000 × g in a microfuge, discard the supernatants by pipetting, and resuspend pellets in 15 µL of 2x
Protein loading buffer by vortexing. 7. Analyze all the samples plus the pPsaD input control (containing pPsaD equivalent to 10% of the amount added to each import reaction, from step 2.7) by standard SDS-PAGE and autoradiography, fluorography or phosphor imaging 15 . Use image analysis software to quantify and analyze the results. To provide an indication of import efficiency, the amount of imported protein in different genotypes/conditions can be assessed by measuring the radioactivity associated with each mature band.
Representative Results
An example chloroplast protein import experiment with 3 time-points is shown in Figure 1 . PsaD is an ~18 kD component of photosystem I exposed to the stroma, with a precursor form of ~23 kD 16 . PsaD was selected here for the in vitro protein import assay because its steady-state levels are elevated in the sp1 mutant, relative to WT, under stress conditions, suggesting a change in its import efficiency in the mutant 3 . The sp1 mutant carries a defect in an important regulator of the chloroplast protein import machinery -the SP1 protein 
Discussion
We recently showed that chloroplast protein import can be actively regulated by stress, which is critical for chloroplast function and plant survival 3 . In that study, to monitor such regulation, we modified our chloroplast isolation and in vitro import assay procedures in order to enable assessment of the import capacity of plants grown under stress conditions. The results indicated an important role for SP1 in chloroplast protein import regulation.
Conventional in vitro import assays use plants grown on standard MS agar medium 6, 17, 18 . In the case of the sp1 mutant described here, such conventional assays did not reveal any differences in protein import relative to the WT 3 . However, the role of SP1 in regulating protein import is clearly revealed when protein import is assessed under stress conditions using the methods described herein (Figure 1) . While it may not be possible to directly compare import data from the stress conditions assay with those obtained from conventional assays (as the methods employ plants grown in liquid culture and on agar medium, respectively), comparisons between stress and non-stress conditions are feasible provided that the plants are all grown in the same liquid culture medium, with or without stressors.
Compared with the stress treatment on agar medium, liquid culture is more convenient for the treatment of the large numbers of plants needed for in vitro import assays. Moreover, it facilitates the uniform application of the stressor to all plants, which is particularly important for shortterm stress treatments. The method presented here has been applied to study the osmotic stress using mannitol treatment, but could easily be adapted to a wide range of other stresses; for example, short-term salt stress and oxidative stress, for which the corresponding stressors could be similarly applied via liquid MS medium. For other types of stresses, we suggest the degree of stress is first optimized; overly severe treatments may have adverse effects on the yield and/or import competence of the isolated organelles.
There are several important steps within the protocol to which one should pay special attention, as detailed below.
The optimal agar concentration for the MS medium can differ (0.6 -0.9%, w/v) depending on the manufacturer. Thus, it is recommended to empirically optimize the agar concentration before commencing experiments. The medium should not be so soft that it sticks to the tissue at the harvesting step (step 1.9), neither should it be so hard that it inhibits plant root development. The sucrose concentration can also be adjusted according to the plants used. When working with particularly sick mutants, MS medium supplemented with 2 -3% (w/v) sucrose may help plants to grow better. When applying stress treatments, it is not good to transfer very old plants to the liquid medium (e.g., >14 days old). This is because the more developed roots of older plants are more easily damaged during transferral.
With regard to the transcription/translation system, there are 2 major systems: those based on wheat germ, and those based on rabbit reticulocyte. These kits may use different templates, such as linearized plasmids, unlinearized plasmids, or PCR products. The kits are also specific for the T3, T7, and SP6 promoters. Note that the kit we recommend here is only suitable for use with PCR products and the T7 promoter. However, for unknown reasons, some radiolabeled preproteins made with this system might not work efficiently in the import assay; in such instances, one may consider trying a wheat germ extract system or a reticulocyte lysate system meant for plasmid templates. One may also improve the result of the transcription/translation reaction by modifying the reaction conditions according to the manufacturer's handbook.
It is important to start chloroplast isolation early in the morning (or early in the light cycle of the growth chamber) in order to avoid accumulation of starch inside the chloroplasts due to photosynthesis, which can hinder the isolation of intact organelles. The chloroplast isolation procedure has to be done quickly without any unnecessary delays, and the isolated chloroplasts must always be kept cold. This is to mitigate against the observation that isolated chloroplasts will gradually lose their viability, which is not good. If using newly thawed CIB or HMS buffer, be sure to mix the buffer well before use to obtain a homogeneous solution. The optimal conditions for the homogenization of plant material have been established empirically, and can vary if a different tissue homogenizer is used.
If the different plant genotypes contain similar chlorophyll levels, chlorophyll quantification can be used as an alternative way to normalize the samples before conducting the import assays. Chlorophyll can be determined spectrophotometrically following extraction of a sample of the isolated chloroplasts in 80% (v/v) aqueous acetone 19, 20 . However, if the import rates of plants showing different chlorophyll contents (e.g., mutants with chlorotic phenotypes) are to be compared, use chloroplast number counting to normalize the chloroplast samples in the import assays. It is particularly important to resuspend the chloroplasts thoroughly in step 3.11. Insufficient resuspension may leave aggregates of chloroplasts, which will make it difficult to count numbers accurately and thus will hinder the correct loading in import reactions. If severe aggregation is seen under the microscope (e.g., aggregates with >10 chloroplast joined together), continue shaking the chloroplast sample on ice until the aggregates are removed. It is easier to resuspend the chloroplasts in a smaller volume of buffer.
It is important to be aware that protein import reactions (Section 5) must be conducted with appropriate precautions because of their radioactive nature. Necessary precautions include: wearing disposable gloves, laboratory clothing and safety glasses, monitoring and decontaminating the working surface and equipment, and disposing of all radioactive waste in an approved waste container. Also keep in mind that the correct osmotic pressure is critical for maintaining the intactness of chloroplasts during the import reactions, and this is chiefly maintained by the HMS buffer. Because 10x HMS is viscous, it should first be warmed up to RT, and then thoroughly mixed, and applied using a cut pipette tip to ensure measurement of accurate volumes. In the import reaction, cold methionine is added to inhibit the incorporation of free radiolabeled methionine into unrelated chloroplast proteins through organellar translation during the incubation step, while BSA is used to minimize proteolysis by acting as a substrate for proteases.
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